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Ictal patterns on scalp-electroencephalography are often visible only after propagation, therefore rendering localization of the
seizure onset zone challenging. We hypothesized that mapping haemodynamic changes before and during seizures using simul-
taneous video-electroencephalography and functional imaging will improve the localization of the seizure onset zone. Fifty-five
patients with52 refractory focal seizures/day, and who had undergone long-term video-electroencephalography monitoring were
included in the study. ‘Preictal’ (30 s immediately preceding the electrographic seizure onset) and ictal phases, ‘ictal-onset’;
‘ictalestablished’ and ‘late ictal’, were defined based on the evolution of the electrographic pattern and clinical semiology. The
functional imaging data were analysed using statistical parametric mapping to map ictal phase-related haemodynamic changes
consistent across seizures. The resulting haemodynamic maps were overlaid on co-registered anatomical scans, and the spatial
concordance with the presumed and invasively defined seizure onset zone was determined. Twenty patients had typical seizures
during functional imaging. Seizures were identified on video-electroencephalography in 15 of 20, on electroencephalography alone
in two and on video alone in three patients. All patients showed significant ictal-related haemodynamic changes. In the six cases
that underwent invasive evaluation, the ictal-onset phase-related maps had a degree of concordance with the presumed seizure
onset zone for all patients. The most statistically significant haemodynamic cluster within the presumed seizure onset zone was
between 1.1 and 3.5 cm from the invasively defined seizure onset zone, which was resected in two of three patients undergoing
surgery (Class I post-surgical outcome) and was not resected in one patient (Class III post-surgical outcome). In the remaining 14
cases, the ictal-onset phase-related maps had a degree of concordance with the presumed seizure onset zone in six of eight patients
with structural-lesions and five of six non-lesional patients. The most statistically significant haemodynamic cluster was localizable
at sub-lobar level within the presumed seizure onset zone in six patients. The degree of concordance of haemodynamic maps was
significantly better (P50.05) for the ictal-onset phase [entirely concordant/concordant plus (13/20; 65%) + some concordance
(4/20; 20%) = 17/20; 85%] than ictal-established [entirely concordant/concordant plus (5/13; 38%) + some concordance (4/13;
31%) = 9/13; 69%] and late ictal [concordant plus (1/9; 11%) + some concordance (4/9; 44%) = 5/9; 55%] phases. Ictal
propagation-related haemodynamic changes were also seen in symptomatogenic areas (9/20; 45%) and the default mode network
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(13/20; 65%). A common pattern of preictal changes was seen in 15 patients, starting between 98 and 14 s before electrographic
seizure onset, and the maps had a degree of concordance with the presumed seizure onset zone in 10 patients. In conclusion,
preictal and ictal haemodynamic changes in refractory focal seizures can non-invasively localize seizure onset at sub-lobar/gyral
level when ictal scalp-electroencephalography is not helpful.
Keywords: haemodynamic; electroencephalography; functional imaging; seizure; semiology; EEG-fMRI
Abbreviations: BOLD = blood oxygen level-dependent; ILAE = International League Against Epilepsy; FWE = family wise error;
vEEG-fMRI = video-EEG and functional MRI
Introduction
Epilepsy surgery is potentially curative for refractory focal epilepsy,
requiring rigorous presurgical evaluation to identify the seizure
onset zone (Luders and Comair, 2000a) or network (Spencer,
2002). Synchronized video- and scalp-EEGs (video-EEG) are the
standard approach to localize the seizure onset zone
non-invasively (Rosenow and Luders, 2001) but has low sensitivity
(25–56%) and spatial resolution compared with invasive EEG
(Smith, 2005; Ray et al., 2007). Therefore, video-EEG may not
localize the seizure onset zone (Lee et al., 2000; Remi et al.,
2011; Catarino et al., 2012) warranting invasive recordings
(Luders et al., 2006).
Recent advances in neuroimaging have significantly improved our
ability to identify and localize structural abnormalities potentially
involved in seizure generation. Nonetheless, these investigations
are inconclusive in 25% of cases (Duncan, 2010), requiring other
localization techniques. Functional MRI can map blood oxygen
level-dependent (BOLD) changes over the whole brain with high
spatial resolution in seizure-related areas (Jackson et al., 1994;
Detre et al., 1995; Krings et al., 2000; Kubota et al., 2000).
Simultaneously recorded scalp-EEG and functional MRI can reveal
BOLD changes associated with interictal epileptiform discharges
(Salek-Haddadi et al., 2006; Zijlmans et al., 2007; Thornton et al.,
2011). Although recording seizures during EEG–functional MRI is
limited by their unpredictable nature, difficulties with seizure identi-
fication inside the scanner and seizure-related motion effects
(Chaudhary et al., 2011), ictal and preictal BOLD changes have
been revealed in a few cases (Federico et al., 2005; Tyvaert et al.,
2008; Donaire et al., 2009; Thornton et al., 2010). We have recently
demonstrated synchronous video-EEG and functional MRI
(Chaudhary et al., 2010) to identify and characterize seizures
(Barba et al., 2007).
We investigated seizure-related haemodynamic changes for
comparison with the seizure onset zone and post-surgical outcome
where available in a series of patients with typical seizures during
video-EEG–functional MRI. We hypothesized that (i) by partition-
ing seizures into phases, video-EEG–functional MRI can localize
BOLD changes at the seizure onset better than in later parts of
seizure, providing additional information at the sub-lobar level; (ii)
brain networks recruited during later parts of seizure reflect seizure
propagation; and (iii) focal or widespread brain networks, the
latter reflected by multi-lobar haemodynamic patterns, can be re-
cruited before the seizure onset (as determined from scalp-EEG)
during the interictal to ictal transition.
Materials and methods
Subjects
Fifty-five patients with refractory focal seizures attending the National
Hospital for Neurology and Neurosurgery, Queen Square, London,
UK, were recruited prospectively from September 2008 to January
2012, and invited to undergo video-EEG–functional MRI scanning if
they had (i) 52 seizures/day at the time of scanning; (ii) seizures
previously recorded on long-term video-EEG monitoring; (iii) seizures
that did not involve large seizure-related head motion; and (iv) no
contraindications to undergo MRI scanning. All patients had a detailed
clinical history taken, full neurological examination performed, MRI
scanning (Duncan, 2010) and neuropsychology assessment.
The clinical details and EEG findings for each patient with typical
seizures during video-EEG–functional MRI are shown in Table 1 and
Supplementary Table 1.
No drug reduction or sleep deprivation was used for video-EEG–
functional MRI. A few patients had a known seizure trigger
(Supplementary Appendix I). All subjects gave informed written con-
sent, and the study was approved by the Joint Research Ethics
Committee of the NHNN (UCLH NHS Foundation Trust) and UCL
Institute of Neurology, Queen Square, London, UK. Functional
MRI results for two patients (Patients 1 and 2) have previously been
published in case reports (Centeno et al., 2011; Katschnig et al.,
2011).
Six patients underwent intracranial electrode implantation as part of
their presurgical evaluation based on hypotheses derived from spatial
localization of ictal and interictal epileptiform discharges recorded
during long-term video-EEG monitoring, structural abnormalities on
MRI scans and other non-invasive investigations, such as PET, MEG
or ictal SPECT where available. The invasive EEG was recorded using
Nicolet EEG Neurodiagnostic System.
Data acquisition
Patients were asked to remain still during scanning, fitted with
ear plugs, with their head immobilized using a vacuum cushion.
Scalp-EEG (64-channel magnetic resonance-compatible cap:
BrainCap-MR) was recorded synchronously with two video cameras
during functional MRI scanning at the Epilepsy Society, Chalfont St.
Peter, Buckinghamshire, UK. The video-EEG was displayed in real time
(see Chaudhary et al., 2010, 2012 for set-up details).
Images were acquired using a 3 T GE Signa Excite-HDX-Echospeed
MRI scanner with a transmit/receive birdcage head coil. One to three
20-min echo-planar imaging (EPI) sessions were acquired (Table 2).
The scanning was stopped prematurely in three cases (Patients 6,
9 and 18) to limit the risk of adverse incident. In four cases
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(Patients 1, 6, 9 and 16), the first video-EEG–functional MRI acquisi-
tion was unsuccessful at capturing seizures, and the acquisition was
repeated on a different day; we also had flexible MRI scanning slots
and scanned patients at times of the day when they reported that
seizures were most likely to occur.
The EPI parameters were as follows: echo time = 30 ms, repetition
time = 3000 ms, flip angle = 90, slices = 44, slice thickness = 2.4 mm,
gap = 0.6 mm, field of view = 24  24 cm2 and matrix = 64  64.
T1-weighted MRI scans were also acquired at the same time (image
parameters: echo time = 3.1 ms, repetition time = 8.3 ms, inversion
time = 450 ms, flip angle = 20, slices = 170, slice thickness = 1.1 mm,
field of view = 24  18 and matrix = 256  256 cm2).
Data processing and analysis
Electroencephalography and functional magnetic
resonance imaging processing
EEG was corrected offline for scanner and pulse-related artefacts (Allen
et al., 1998, 2000) using BrainVision Analyzer2 (BrainProducts).
Table 2 Seizures recorded during video-EEG–functional MRI
ID
number
Seizure trigger Video-EEG–functional MRI
Scan durationa
(min)
Seizure
identification
Seizures (n) Ictal phases Duration (s)
Median (range)
1 None 80b Video + EEG 1 Ictal onset 9
Ictal established 15
2 Thinking or lifting
weight in right hand
60 Video 24 Ictal 10 (2 s–3 min)
3 None 40 Video + EEG 2 Ictal onset 27 (24–30)
Ictal established 11.5 (11–12)
Late ictal 27.5 (27–28)
4 None 40 Video + EEG 7 Ictal onset 5.3 (2–9.2)
Ictal established 4.9 (1.9–13.3)
Late ictal 7.8 (7–9.4)
5 None 40 Video + EEG 4 Ictal onset 2.8 (2.8–10.4)
Ictal established 6 (5.2–20)
Late ictal 4.2 (4.2–16)
6 None 70b Video + EEG 1 Ictal onset 9.8
Ictal established 22.4
7 None 60 Video + EEG 30 Ictal onset 3.6 (1.4–8.6)
Ictal established 14.1 (5.2–44.2)
Late ictal 4.1 (1–13.2)
8 None 20 Video + EEG 6 Ictal 13.8 (8.9–20.4)
9 Rubbing right chest wall 75b Video + EEG 2 Ictal onset 5.6 (2.9–8.4)
Ictal established 9.7 (7.8–11.7)
Late ictal 2
10 None 40 Video 1 Ictal 17
11 None 40 Video + EEG 17 Ictal onset 5 (2.4–8.8)
Ictal established 7.8 (3–50.9)
Late ictal 5.8 (3.1–18.5)
12 Movement of limbs 40 Video + EEG 15 Ictal 23.2 (13.7–34.6)
13 None 40 Video + EEG 4 Ictal 11.3 (8–17.3)
14 None 40 Video 1 Ictal 12
15 None 40 EEG 1 Ictal onset 5.7
Ictal established 5
Late ictal 17.4
16 None 80b EEG 1 Ictal 39.5
Ictal onset 9.7 (5–13.2)
Ictal established 4.2 (2.6–8)
17 None 40 Video + EEG 10 Late ictal 8.1 (3.8–9.1)
18 Music 45 Video + EEG 1 Ictal onset 43.6
Ictal established 10.4
19 None 40 Video + EEG 1 Ictal onset 6.2
Ictal established 22.8
Late ictal 11.2
20 None 40 Video + EEG 1 Ictal onset 7.6
Ictal established 22.2
a Total duration of the video-EEG–functional MRI scanning session. One video-EEG–functional MRI session had 1–3 EPI sessions, each lasting 20 min.
b Patients had two vEEG-fMRI sessions on two different days to capture a seizure.
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Video-EEG recorded during video-EEG–functional MRI was reviewed
jointly by U.C. and experienced neurophysiologists (B.D., S.V. and
M.W.) to identify interictal epileptiform discharges and ictal rhythms
(Luders et al., 2000b; Foldvary et al., 2001) and semiology (Luders
et al., 1998) and to compare with long-term video-EEG monitoring.
The seizures were partitioned into phases based on spatio-temporal
evolution (Niedermeyer and Lopes da Silva, 2005) of ictal EEG changes
and semiology on video to attempt to distinguish onset from
propagation-related BOLD changes. The ictal phases (Thornton
et al., 2010) and preictal time window were defined as follows:
Preictal: 30 s preceding the ictal onset phase (see below) on
scalp-EEG without any EEG changes. In cases without clear electro-
graphic signature or EEG obscured by myogenic artefact, the preictal
phase was defined as 30 s before the first semiological change was
observed on video.
Ictal onset: build-up of ictal EEG pattern (Foldvary et al., 2001) on
scalp EEG preceding clinical features.
Ictal established: onset of the clinical manifestations along with
regional/generalized EEG changes or emergence of myogenic artefact
on scalp-EEG.
Late ictal: subsequent EEG slowing following the ictal-established
phase.
Seizures that did not have an electrographic signature (e.g. simple
partial seizures; Binnie et al., 1999; Smith, 2005), or for which the ictal
phases could not be separated clearly because of myogenic artefact on
EEG, were labelled as a single ictal phase.
Physiological activities, including spontaneous eye blinks/move-
ments, swallowing, jaw clenching, head jerk, facial twitches and brief
hand/foot movements, were identified on video EEG and distinguished
from ictal semiology by comparison with ictal events captured on
long-term video-EEG monitoring (Chaudhary et al., 2012).
The functional MRI data were analysed using Statistical Parametric
Mapping (SPM5, http://www.fil.ion.ucl.ac.uk/spm). After discarding
the first of our image volumes (T1-saturation effect), the EPI images
were realigned and spatially smoothed using an isotropic Gaussian
kernel of 8-mm full-width at half-maximum (Friston et al., 1995a).
Functional magnetic resonance imaging modelling
The functional MRI data during which seizures were recorded were
analysed within the general linear model framework to map preictal
and ictal haemodynamic changes. Eleven patients had more than one
seizure during video-EEG–functional MRI, out of which seven had
seizures in more than one EPI session, which were included in a
single general linear model as separate sessions. Two models were
used to investigate the BOLD changes associated with the ictal and
preictal phases.
In Model 1 (ictal changes), each ictal phase was represented math-
ematically as variable duration block in a separate regressor. We
sought to identify putative BOLD patterns consistent across seizures.
Therefore, in a case with multiple seizures of similar electro-clinical
characteristics, we modelled a particular ictal phase from multiple seiz-
ures within single regressor. To explain as much of BOLD signal vari-
ance as possible, this model also included regressors (Chaudhary et al.,
2012) representing: interictal epileptiform discharges (herein treated as
confounds), physiological activities (each type of earlier-described ac-
tivity modelled as variable duration block), motion (inter-scan realign-
ment parameters and their Volterra expansion; Friston et al., 1996)
and cardiac pulse (Liston et al., 2006). Each interictal epileptiform
discharge type was modelled as a separate confound; individual
interictal epileptiform discharges were represented as stick functions
and runs as blocks. Data sets were analysed irrespective of the
amount of head motion. Ictal phases, interictal epileptiform discharges
and physiological activities were convolved with the canonical haemo-
dynamic response function and its temporal and dispersion derivatives.
The functional MRI data were high-pass filtered (cut-off: 128 s).
In Model 2 (preictal changes: spontaneous seizures only), a more
flexible approach based on the Fourier basis set was used to model
BOLD changes during the preictal time window defined as 30 s before
the ictal onset phase. The basis set order was set to five (combination
of five sine and five cosine functions), which is equal to the preictal
time window length/2  repetition time = 6 s. Thus, Fourier basis set
captured arbitrarily shaped fluctuations over time scales down to
2  repetition time, and was not set to zero at the window start
and end to capture the actual onset of BOLD changes if they
extend beyond the modelled window. The remainder of Model 2 con-
sisted of Model 1, and was treated as the nuisance effects.
Assessment of blood oxygen level-dependent change
significance, visualization and level of concordance
SPM[F]-maps were obtained for each ictal phase separately and
across combined all ictal phases for Model 1 and for the preictal phase
for Model 2 at conventional conservative threshold: P_ 0.05, corrected
for family wise-error. When BOLD changes were not seen at P_ 0.05,
we used a less conservative statistical threshold: P_ 0.001, uncorrected.
The resulting maps were co-registered with the patient’s anatomical
MRI scan. The fitted BOLD time course for each cluster was plotted
and classified as increases, decreases or biphasic (including both increases
and decreases) according to the sign of the peak change relative to
baseline.
To test Hypothesis 1, the presumed seizure onset zone was defined
non-invasively at the lobar level on the basis of interictal epileptiform
discharges, ictal rhythm, ictal semiology and structural abnormality
where available. The ictal BOLD maps were compared with the pre-
sumed seizure onset zone with an experienced neuroradiologist (C.M.)
and classified on the basis of the most statistically significant cluster
(global-maximum) and other clusters as: entirely concordant (all BOLD
clusters in the same lobe as and within 2 cm of the presumed seizure
onset zone), concordant plus (the global-maximum cluster was in the
same lobe as and within 2 cm of the presumed seizure onset zone, and
other clusters were remote from the presumed seizure onset zone),
some concordance (the global-maximum cluster was remote from the
presumed seizure onset zone, and one of the other clusters was in the
same lobe as and within 2 cm of the presumed seizure onset zone) and
discordant [all clusters were remote (different lobe or opposite hemi-
sphere) from the presumed seizure onset zone].
The BOLD clusters located in the ventricular system, vascular tree,
edges and base of brain and cerebellum were not considered
(Chaudhary et al., 2012). First, for patients who underwent invasive
EEG recording during presurgical assessment, we confirmed the
sub-lobar localization provided by video-EEG–functional MRI with
the invasively defined seizure onset zone. We measured the
Euclidean distance between the statistical maximum voxel of global-
maximum/other BOLD cluster, within the presumed seizure onset
zone for the ictal onset/ictal phase and the invasively defined seizure
onset zone. The invasively defined seizure onset zone was delineated
by two experienced neurophysiologists (B.D. and M.W.) as the loca-
tion of depth/grid contacts on invasive EEG where the first and max-
imal ictal changes were seen. Second, for patients who did not
undergo invasive EEG, we compared the sub-lobar localization of
global-maximum BOLD cluster provided by video-EEG–functional
MRI with the level of localization provided by ictal rhythm on
scalp-EEG. Third, we compared the level of concordance of BOLD
maps with the presumed seizure onset zone between different ictal
phases using Spearman’s rank correlation (rs) (IBM SPSS Statistics).
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To test Hypothesis 2, we assessed first the ictal established/ictal
phase-related BOLD maps in relation to the symptomatogenic areas
(defined on the basis of specific ictal semiology for each patient, see
Supplementary Table 1). We also compared the presence/absence of
changes in symptomatogenic and non-symptomatogenic areas using
Fisher’s exact test (IBM SPSS Statistics). Second, we combined all ictal
BOLD maps in relation to the resting state networks (Damoiseaux
et al., 2006; Mantini et al., 2007; van den Heuvel et al., 2009). We
also tested for the relationship between presence/absence of loss of
consciousness (as reported during long-term video-EEG monitoring for
typical seizures) and BOLD changes in the default mode network using
mean contingency coefficient (), and in the subgroup with BOLD
decreases in the default mode network, we tested for the association
of BOLD decreases with loss of consciousness using non-parametric
chi-squared test (IBM SPSS Statistics).
To test Hypothesis 3, the preictal haemodynamic onset was defined
as the time at which the fitted response was more than two standard
deviations above or below baseline. The concordance of preictal maps
was evaluated as per aforementioned concordance scheme. A second-
ary assessment of the preictal changes was performed having found
that the fitted values at the start of the modelling window were gen-
erally not zero. We inspected the fitted time courses, for each preictal
BOLD cluster (45 voxels) and each seizure, for the period preceding
the modelled preictal time window (i.e. backwards from 30 s from
the ictal onset phase) visually to determine the time at which the
preictal changes were significantly different from zero and later con-
tinued into the modelled preictal time window. We also compared the
level of concordance of ictal onset/ictal phase-related and preictal
BOLD maps with the presumed seizure onset zone using Spearman’s
rank correlation (rs) (IBM SPSS Statistics).
Results
Twenty-four of the 55 patients reported having ictal events during
video-EEG–functional MRI, and 20 of 55 patients (36.3%) had
typical seizures during video-EEG–functional MRI. None of the
patients with typical seizures during video-EEG–functional MRI re-
ported an atypical event; four patients with atypical events are not
considered further. Of the 20 cases with typical seizures, six had
frontal lobe, four had focal reflex, four had multifocal, two had
temporal lobe, two had parietal lobe and two had hypothalamic
seizures; their median age was 28 years (range 18–60 years),
median seizure onset was at 9 years (range 1–32 years) and
there were 12 males.
The video-EEG–functional MRI scanning time (median = 40 min;
range 20–80 min) and seizure statistics for each patient are
described in Table 2. The seizures were identified on video-EEG
in 15 of 20 patients (75%), on EEG only in 2 of 20 patients (10%,
technical video failure) and on video only in 3 of 20 patients
(15%, no ictal EEG change or EEG obscured by myogenic arte-
fact). In 13 of 20 patients (65%), distinct ictal phases could be
identified and the remainder had single ictal phase.
Ictal blood oxygen level-dependent
changes
Statistically significant BOLD changes were revealed for all ictal
phases except for Patient 3 for late ictal phase. BOLD changes
were seen at P_0.05 (corrected for family-wise error) in 15
of 20 patients (75%) for all ictal phases, and at P_0.001 (un-
corrected) for one of the ictal phases in the remaining five
patients.
Overall, the level of concordance of the BOLD maps with
the presumed seizure onset zone (Fig. 1A) was better for the
ictal onset/ictal phase [entirely concordant/concordant plus (13/
20; 65%) + some concordance (4/20; 20%) = 17/20; 85%] than
ictal established [entirely concordant/concordant-plus (5/13;
38%) + some concordance (4/13; 31%) = 9/13; 69%] and late
ictal phases [concordant plus (1/9; 11%) + some concordance
(4/9; 44%) = 5/9; 55%)], and was significantly correlated with
the ictal onset/ictal phase (rs = 0.3, P_0.05).
Comparison of ictal blood oxygen
level-dependent changes with the
invasively defined seizure onset zone
and surgical outcome
In the six patients (Patients 1, 3, 4, 10, 15 and 16) who under-
went invasive EEG recordings, four had epileptogenic structural
abnormalities: focal cortical dysplasia (Patients 3 and 16), tuber-
ous sclerosis (Patient 1) and ischaemic damage (Patient 10)
(Table 1). For these four patients, BOLD changes were seen
within the presumed seizure onset zone (Table 3) overlapping
the structural abnormalities (Fig. 1B and C). Ictal onset/
ictal phase-related maps were classified as entirely concordant/
concordant plus in three and to have some concordance in
one patient. Two of these four patients had ictal established
phases, and the maps were classified as entirely concordant/
concordant plus and to have some concordance for one patient
each.
For two patients (Patients 4 and 15) who underwent invasive
EEG recordings and did not have structural abnormalities also
showed BOLD changes within the presumed seizure onset zone
(Table 3) at sub-lobar level. The ictal onset/ictal phase-related
maps were classified as entirely concordant/concordant plus
(Fig. 2A) in two patients; ictal established phase-related maps
were classified to have some concordance in one patient and
were discordant in one patient and late ictal phase-related maps
were classified as concordant plus and to have some concordance
for one patient each.
The distance between the ictal onset/ictal phase-related
global-maximum cluster within the presumed seizure onset zone,
and the invasively defined seizure onset zone was 1.1–3.5 cm in
five of six patients (Table 3; Fig. 1B and C), demonstrating that
video-EEG-functional MRI can localize the seizure onset zone at
sub-lobar level non-invasively. Three patients proceeded to
surgery, and the BOLD cluster within the presumed seizure
onset zone was resected in two patients [Patients 1 and 16:
International League Against Epilepsy (ILAE) Class I post-surgical
outcome; Fig. 1B and C], and was not resected in one
patient (Patient 4: ILAE Class III post-surgical outcome; Fig. 1B
and C).
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Comparison of ictal blood oxygen
level-dependent changes with the
presumed seizure onset zone
In the 14 patients who did not undergo invasive EEG recordings,
eight had epileptogenic structural abnormalities: focal cortical dys-
plasia (Patients 12, 17 and 19), hypothalamic hamartoma (Patients
14 and 20) and other abnormalities (Patients 5, 8 and 11)
(Table 1). For these eight patients, BOLD changes were seen
within the presumed seizure onset zone overlapping the structural
abnormalities. The ictal onset/ictal phase-related maps were clas-
sified as (Table 3; Fig. 2B): concordant plus = 5/8, some concord-
ance = 1/8 and discordant = 2/8. The ictale stablished phase was
seen in 5 of 8 patients with structural abnormalities, and the maps
were classified as: concordant plus = 2/5, some concordance = 2/5
and discordant = 1/8. The late ictal phase was seen in 4 of 8
patients with structural abnormalities, and the maps were classified
as: some concordance = 2/4 and discordant = 2/4.
Six patients (Patients 2, 6, 7, 9, 13 and 18) who did not
undergo invasive EEG recordings and also did not have structural
abnormalities showed BOLD changes within the presumed seizure
onset zone (defined on the basis of interictal and ictal discharges
on EEG and ictal semiology) at sub-lobar level. The ictal onset/ictal
phase-related maps were classified as entirely concordant/con-
cordant plus in three, some concordance in two and discordant
in one patient. The ictal established phase was seen in 4 of 6 pa-
tients, and the maps were classified as: concordant plus = 2/4 and
discordant = 2/4. The late ictal phase was seen in 2 of 6 patients,
and the maps were classified as: some concordance = 1/2 and
discordant = 1/2.
For the 8 of 14 patients with entirely concordant/concordant
plus BOLD maps for the ictal onset/ictal phase, the global-
maximum BOLD cluster was localizable, within the presumed
Figure 1 Ictal and preictal BOLD changes and their comparison with the seizure onset zone and cortical resection. (A) Bar chart showing
level of concordance of BOLD changes with the presumed seizure onset zone, during ictal and preictal phases. (B) SPMs of F-statistics
overlaid on 3D rendered brain in individual space, showing the relationship between preictal (orange) and ictal onset phase-related BOLD
changes (green), implanted electrodes and structural lesion (red). (Bi) Patient 10: the global-maximum cluster in the right
occipito-temporal region for the preictal and ictal phase was within the presumed seizure onset zone and was 2.5 and 1.8 cm, respectively,
from the invasively defined seizure onset zone. (Bii) Patient 16: the global-maximum cluster in the left superior/middle frontal gyrus for
the ictal phase was within the presumed seizure onset zone at 1.5 cm from the invasively defined seizure onset zone. For the preictal phase
another cluster in medial superior frontal gyrus was within the presumed seizure onset zone at 2.5 cm from the invasively defined seizure
onset zone. (Biii) Patient 1: for the ictal onset phase, the second most statistically significant BOLD cluster in right inferior parietal lobe was
within the presumed seizure onset zone at 1.9 cm from the invasively defined seizure onset zone. The global-maximum preictal cluster in
the right parietal region was within the presumed seizure onset zone at 3 cm from the invasively defined seizure onset zone. (C) ictal onset
phase-related maps overlaid on co-registered post-surgical T1-volume. Cross-hair shows the BOLD cluster within the presumed seizure
onset zone. (Ci) Patient 1 had a cortical resection including the right parietal tuber and overlapping ictal onset phase-related cluster
(cross-hair; ILAE Class I at 1.5 year). (Cii) Patient 4 underwent left anterior temporal lobe resection, which did not involve the ictal onset
phase-related global-maximum cluster in superior temporal gyrus (cross-hair; ILAE Class III at 1 year). (Ciii) Patient 16 had a resection
including right posterior superior frontal gyrus/MFG and part of supplementary motor area and ictal onset phase-related global-maximum
cluster (cross-hair; ILAE Class I at 1 year).
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seizure onset zone, to one or two gyri in six patients (Patients 2, 6,
7, 8, 11 and 12), and spanned more than two gyri within the
same lobe in the remaining two patients (Patients 5 and 17). In
comparison, using the criteria set out in Luders et al. (2000b), the
seizure onset scalp-EEG pattern was localized to one lobe (Patients
2, 12 and 17) or multiple lobes (Patients 5, 6, 7, 8 and 11;
Table 1). Moreover, in six patients with frontal lobe seizures and
difficult to localize ictal EEG, the global-maximum ictal onset
phase-related BOLD cluster was localized within the presumed
seizure onset zone at sub-lobar level in four patients.
Ictal propagation-related blood oxygen
level-dependent networks
BOLD changes were revealed in symptomatogenic areas and/or
eloquent cortex in 9 of 20 patients (45%; Table 3) for ictal estab-
lished/ictal phases. Three patients had BOLD changes only in
symptomatogenic areas, and the rest also had changes in non-
symptomatogenic areas. The two groups with changes in sympto-
matogenic and non-symptomatogenic areas were not statistically
significantly different. These areas included motor cortex for hand,
Figure 2 Comparison of ictal phase-related BOLD changes with presumed seizure onset zone. (A) Patient 4. (Ai) Representative EEG
sample recorded inside scanner showing a regional left temporal ictal pattern at seizure-onset (F7, T7). (Aii–iv) BOLD changes overlaid on
to T1-volume. (Aii) Ictal onset phase-related concordant plus map showing the global-maximum cluster: left superior temporal gyrus
(cross-hair) within the presumed seizure onset zone. (Aiii) Ictal established phase-related discordant map showing changes in right
superior andMFG, basal ganglia, left cuneus and paracentral lobule (cross-hair). (Aiv) Late ictal phase-related concordant plus map
showing global-maximum cluster: left posterior temporal region within the presumedseizure onset zone. (B) Patient 19. (Bi)
Representative EEG sample recorded inside scanner showing a regional right centro-parietal ictal pattern. (Bii) focal cortical dysplasia in the
right supra-marginal gyrus (SMG) on MRI scan. (Biii–v) BOLD changes overlaid on to T1-volume. (Biii) Ictal onset phase-related map with
some concordance showing global-maximum cluster in rightMFG, and another cluster in right SMG (cross-hair) within the presumed
seizure onset zone. (Biv) Ictal established phase-related concordant plus map showing global-maximum cluster in right SMG (cross-hair)
within the presumed seizure onset zone. BOLD changes within the ventricles were discounted for concordance classification. (Bv) Late ictal
phase-related map with some concordance showing global-maximum cluster in right parietal lobe and another cluster in SMG (cross-hair)
within the presumed seizure onset zone.
3654 | Brain 2012: 135; 3645–3663 U. J. Chaudhary et al.
foot or face movements (Patients 2, 6 and 17), supplementary
motor area/prefrontal cortex for ‘figure of 4’ sign (Patient 9),
medial or lateral temporal lobes in temporal lobe epilepsy for au-
tomatisms (Patient 15), precentral gyrus and posterior middle
frontal gyrus for eye deviation and head turning (Patients 8, 9
and 16) hypothalamus for gelastic seizures (Patient 20) and thal-
amus, limbic temporal structures, cingulum and medial frontal for
dialeptic seizures (Patient 7).
In relation to the resting state networks (Mantini et al., 2007),
BOLD changes were seen in the precuneus/cuneus, bilateral par-
ietal lobes, posterior cingulate and/or medial frontal lobes reflect-
ing the default mode network (Raichle et al., 2001) in 13 of 20
patients (65%; Fig. 3A and Supplementary Table 2) for combined
all ictal phases. These were BOLD decreases in 11 patients and
increases in two patients. We did not measure the impairment of
consciousness during video-EEG–functional MRI; however, we
compared the association of BOLD changes in the default mode
network with the loss of consciousness assessed during long-term
video-EEG monitoring for typical seizures (Fig. 3B). We found a
moderate correlation ( = 0.3) between the presence of BOLD
changes in the default mode network and the loss of conscious-
ness that was not statistically significant. However, in the sub-
group of patients with BOLD decreases in the default mode
network, these changes were significantly associated with the
loss of consciousness (P_ 0.05). We also found BOLD changes
in relation to other resting state networks (Supplementary
Appendix II) at P_0.001, uncorrected for family-wise error.
Preictal blood oxygen level-dependent
changes
Preictal changes were investigated in 16 of 20 patients (80%) who
had spontaneous seizures (Table 4). Statistically significant preictal
changes were revealed at P_0.05 (corrected for family-wise
error) in 2 of 16 patients only and at P_ 0.001 (uncorrected)
for 15 of 16 patients (93.7%). One patient (Patient 17) did not
show any preictal changes.
Preictal maps were classified as: concordant plus = 4/16 (25%),
some concordance = 6/16 (37.5%) and discordant = 5/16
(31.2%) (Table 4; Fig. 4). The level of concordance of the
BOLD maps (Fig. 1A) for the ictal onset/ictal phase (85%) was
better than preictal phase (10/16; 62.5%), and was significantly
correlated with the ictal onset/ictal phase (rs = 0.4, P_ 0.05).
Inspection of the preictal time courses across 74 seizures in
15 patients revealed that the onset of BOLD changes varied
from 98 to 14 s before the electrical seizure onset during video-
EEG–functional MRI (Fig. 4; Table 4). There was a consistent pat-
tern of BOLD decrease (range 98 to 14 s) followed by a BOLD
increase (range 50 to 0 s). The median onset for preictal BOLD
decreases was 31 s [95% confidence interval (CI) 35.7 to
26.3 s], and the median onset for preictal BOLD increase was
16 s (95% CI 18.1 to 13.9 s).
Direction of blood oxygen
level-dependent change
The BOLD maps for the individual ictal phases contained clusters
corresponding to a mixture of BOLD increases and decreases in
11 of 20 patients, increases only for four patients and decreases
only for five patients (Table 3). For the patients with entirely con-
cordant/concordant plus BOLD maps, the global-maximum cluster
corresponded to BOLD increase in 8 of 13 patients for the ictal
onset/ictal phase, 2 of 5 patients for the ictal established phase
and none for the late ictal phase. The BOLD clusters for ictal
established and late ictal phases were remote from the seizure
onset zone and were predominantly decreases (Table 3).
Discussion
We demonstrated the application of video-EEG–functional MRI in
patients with frequent refractory focal seizures and identified
Figure 3 BOLD changes in the default mode network.
(A) Patient 7. (Ai) SPM[F] map for combined all ictal (across
whole seizure) overlaid on co-registered T1-volume showing
BOLD decreases in precuneus, cuneus, bilateral superior parietal,
bilateral dorsolateral frontal and medial frontal cortex reflecting
default mode network. (Aii) Predicted BOLD response based on
the maximum likelihood parameter estimates of the general
linear model for the maximum BOLD change in precuneus
showing BOLD decrease. (B) Bar chart showing the proportion
of patients with BOLD increases and decreases and loss of
consciousness during seizures.
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haemodynamic changes specific to preictal and ictal phases. The
main findings of the study are as follows: (i) non-invasive
sub-lobar localization of ictal onset phase-related global-maximum
cluster within the presumed seizure onset zone, which was con-
firmed by its comparison with the invasively defined seizure onset
zone where available and is superior to the localization provided
by scalp-EEG; (ii) propagated BOLD changes in symptomatogenic
and resting state network-related areas during seizures; (iii) iden-
tification of a consistent pattern of preictal BOLD decrease from
31 s (95% CI 35.7 to 26.3) followed by an increase from
16 s (95% CI 18.1 to 13.9), with a degree of concordance
with the seizure onset zone; (iv) predominant onset-related BOLD
increases in the seizure onset zone followed by remote BOLD
decreases; and (v) utility of simultaneous video recordings for
functional MRI studies of seizures.
Previous EEG–functional MRI studies with low yield
(Salek-Haddadi et al., 2002; Archer et al., 2006; Auer et al.,
2008; Donaire et al., 2009; Tyvaert et al., 2009; LeVan et al.,
2010; Thornton et al., 2010) have largely recorded seizures for-
tuitously in the course of studies aimed at mapping interictal epi-
leptiform discharges. In contrast, we have focused on patients
with frequent daily seizures, and seizures were identified on the
Figure 4 Preictal time courses and BOLD changes. (A) Time courses of preictal BOLD clusters for Patients 1, 4 and 10. Before the seizure
onset on scalp-EEG, multiple areas including the seizure onset zone, irritative zone and remote regions showed a consistent BOLD decrease
(median onset: 31 s; 95% CI 35.7 to 26.3) followed by an increase (median onset: 16 s; 95% CI 18.1 to 13.9), suggesting
recruitment of a widespread preictal network. Black arrow = seizure onset; orange bar = 30-s preictal window. Patient 1 had a second
irritative zone (IZ2) showing interictal epileptiform discharges on MEG. Patient 4 had a second irritative zone (IZ2) showing interictal
epileptiform discharges on MEG. (B) Patient 1. (Bi) Multiple tubers were seen in right parietal lobe (epileptogenic: encircled) and left
temporal lobe. (Bii) The preictal map (overlaid on co-registered T1-volume) was classified as concordant plus showing global-maximum
cluster in right parietal lobe within the presumed seizure onset zone. (C) Patient 10. (Ci) Long-standing ischaemic damage with mal-
formation of gyri in right occipito-parietal region extending into right posterior temporal lobe on MRI scan. (Cii) The preictal map (overlaid
on co-registered T1-volume) had some concordance showing global-maximum BOLD cluster in left medial parieto-occipital region and
another cluster in right lateral parieto-occipital region within the presumed seizure onset zone.
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basis of ictal semiology on video in 15% of patients, as EEG was
not helpful, which might have been disregarded in the absence of
video.
The concordance of the BOLD maps with the seizure onset
zone, in the largest number of seizures investigated with video-
EEG–functional MRI, was higher for the ictal onset phase than
preictal and later ictal phases, emphasizing the importance of seiz-
ure onset localization (ILAE, 1989). The distance between the
BOLD clusters and invasively defined seizure onset zone has pre-
viously only been measured in one study from our group
(Thornton et al., 2010), and the proportion of cases with
ictal-related BOLD changes concordant with the invasively defined
seizure onset zone is higher in this study as compared with
Thornton et al. (2010).
The BOLD changes in symptomatogenic areas, remote from the
seizure onset zone, and in the default mode network-related areas
were predominantly decreases. In comparison, the maps concord-
ant with the presumed seizure onset zone for ictal onset/ictal
phase predominantly showed increases in line with previous stu-
dies of ictal and interictal activity (Tyvaert et al., 2008; Donaire
et al., 2009; Jacobs et al., 2009; Vulliemoz et al., 2009). In our
study, the preictal maps have shown a relatively widespread pat-
tern of changes in line with previous studies in a limited number of
cases (Donaire et al., 2009; Tyvaert et al., 2009).
Methodological considerations
We used intra-scanner synchronized video-EEG to identify seizures
(Foldvary et al., 2001; Luders et al., 2006), which is superior to
intra-scanner EEG alone (Tyvaert et al., 2008; Thornton et al.,
2010), owing to difficulties with interpretation (Benar et al.,
2003). Previously, seizures have been represented, for functional
MRI modelling, as single blocks (Tyvaert et al., 2008;
Salek-Haddadi et al., 2009; Bai et al., 2010) or contiguous sliding
windows (Donaire et al., 2009), which are not specifically related
to ictal electrophysiology or semiology. We attempted to further
improve on our previous modelling approach of EEG-informed
seizure blocks (Thornton et al., 2010) by dividing seizures into
more defined phases on the basis of their spatiotemporal
evolution (Niedermeyer and Lopes da Silva, 2005) on video-EEG
separating the ictal onset-related changes from the propagated
and semiology-associated changes. We used a canonical haemo-
dynamic kernel and its derivatives (Friston et al., 1995b, 1996) to
account for a degree of variability in BOLD timing and shape. We
also accounted for motion, cardiac pulse and normal physiological
activities in the design matrix more thoroughly than in all previous
studies to explain a greater amount of nuisance variance in the
functional MRI data to increase sensitivity to the effects of interest
(Chaudhary et al., 2012). We believe that our results validate this
approach.
We represented seizures as a single effect when a patient had
more than one seizure of the same type (Wendling et al., 1996),
reflecting the assumption that they are associated with a consist-
ent BOLD pattern and thereby can potentially increase the statis-
tical power of the functional MRI analysis (Hamandi et al., 2006).
The successful identification of significant BOLD changes averaged
across events in the cases with repeated seizures provides some
indication of the core aspects of the ictal networks, and the cur-
rent approach can further characterize the BOLD changes for the
ictal onset and semiology in seizure-related areas.
For the preictal phase, we used a more flexible approach based
on the Fourier basis set, which is capable of capturing arbitrarily
shaped fluctuations. We think that this approach can be justified
by the fact that the exact onset and time course of preictal
haemodynamic changes before any behavioural or EEG features
are particularly less well defined. We selected a 30-s window to
include the timeline of preictal changes as reported in some func-
tional MRI (Donaire et al., 2009) and optical imaging studies
(Zhao et al., 2007). This choice is also partly justified by the
desire to use the same duration in all cases and the 51-min
inter-seizure interval in our data (except Patients 4, 7 and 11 in
whom the inter-seizure interval was 530 s, and the preictal phase
for the following seizure was not included in the design matrix as
a separate event), and to avoid the effects of overlap between the
preictal time window and preceding seizures. Additionally, we did
not force the Fourier basis set to zero at the start of the preictal
window to assess whether the changes are likely to have started
530 s before the seizure onset.
The basis set approach has been used previously to map
interictal (Lemieux et al., 2008; Masterton et al., 2010) and ictal
(Thornton et al., 2010) BOLD changes. We used Fourier basis set
to map preictal BOLD changes because (i) it can capture small
deviations from the canonical haemodynamic response better
than finite impulse response (Penny et al., 2007); (ii) it modelled
signal fluctuations taking place for a time scale of 52 repetition
times, and limited the effects of noise by constraining the esti-
mated time course with proper assessment of statistical signifi-
cance within the SPM framework, in contrast to averaging time
courses; and (iii) it can reveal preictal changes throughout the
brain independently of the results for the later ictal phases, in
contrast with methods based on the analysis of the BOLD signal
in regions identified ictally (Bai et al., 2010). Preictal changes were
not explored in patients with reflex focal seizures because seizures
were triggered immediately after the stimulus presentation.
We found that the distance between the global-maximum or
other BOLD cluster within the presumed seizure onset zone and
the invasively defined seizure onset zone ranged from 1.1 to
3.5 cm, which we consider concordant with the seizure onset
zone, taking into account possible co-registration inaccuracies
due to implantation-related brain shift (Nimsky et al., 2000) and
neurovascular coupling effects (Disbrow et al., 2000). Limitations
of this comparison include (i) video-EEG–functional MRI and inva-
sive EEG recordings were performed at different times; (ii) the
conditions under which seizures were recorded on invasive EEG
were different, e.g. effects of drug reduction, sleep deprivation
and anaesthesia; and (iii) invasive EEG has limited spatial sampling.
The fundamentally different nature of the two modalities means
that the lack of significant BOLD signal change in a given region
sampled by invasive EEG does not preclude the occurrence of
epileptic activity (Nunez et al., 2000; Tyvaert et al., 2009).
One of the weaknesses of functional MRI is that it is a correla-
tive technique that often produces complex BOLD maps contain-
ing multiple clusters. To address the problem of interpreting the
findings, we used a concordance classification (Thornton et al.,
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2010; Grouiller et al., 2011; Chaudhary et al., 2012) and conser-
vative statistical threshold. The degree of concordance of the maps
was evaluated by comparing the location of the global-maximum
and other clusters with the seizure onset zone defined independ-
ently. Entirely concordant maps can be taken as ‘true positive’
findings; concordant plus and some concordance maps as a mix-
ture of ‘true and false positive’ results and discordant maps as
‘false positive’. This approach also embodies the proposition that
the global-maximum cluster, which is usually unique for a given
map (Friston et al., 1995b; Friston, 1996; Worsley et al., 2002),
might have a special biological or clinical significance, as shown by
our findings and those of previous studies. Future advances in
functional MRI acquisition and modelling may reveal that that
the global-maximum cluster is a key marker of epileptogenic
networks.
Our approach was motivated by the desire to extract as much
information from each and every data set as possible. We found
no specific correlation between the ictal BOLD changes and the
amount of head motion (Supplementary Appendix III and
Supplementary Fig. 1). Moreover, the amount of head motion
was comparable with that observed in our previous study of seiz-
ures (Thornton et al., 2010) but greater than for studies in the
interictal state (Salek-Haddadi et al., 2006). It can be argued that
including all data irrespective of motion may corrupt the functional
MRI signal excessively. We suggest that including as thorough a
model of confounds as possible and using a concordance scheme
can help in the interpretation and limit the false positive findings.
Neurobiological significance
We found sustained BOLD increases predominantly at the seizure
onset for the ictal onset/ictal phase and decreases for the later
ictal phases, representing seizure spread consistent with previous
findings (Donaire et al., 2009; Tyvaert et al., 2009; Thornton
et al., 2010). We suggest that BOLD increases can be linked dir-
ectly to increased neuronal activity (Logothetis et al., 2001), and
sustained BOLD decreases may represent inhibitory inputs (Shmuel
et al., 2006), demand and perfusion mismatch (Raichle et al.,
2001; Zhao et al., 2009) or dysregulated neurovascular coupling
(Schridde et al., 2008). However, many details of the relationship
between BOLD and neuronal activity remain to be elucidated fur-
ther (Pasley et al., 2007; Shulman et al., 2007).
Interestingly, it has been reported that cerebral blood flow can
be compromised in areas of structural abnormalities resulting in
BOLD decreases associated with increases in neuronal activity
(Sakatani et al., 2007). In contrast, we found a mixture of in-
creases and decreases irrespective of the presence of structural
abnormality in line with previous studies (Hamandi et al., 2006;
Laufs et al., 2007; Jacobs et al., 2009; Vaudano et al., 2009;
Vulliemoz et al., 2009; Thornton et al., 2010; Moeller et al.,
2011).
Preictal maps had a lesser degree of concordance with the
seizure onset zone than ictal onset phase-related maps. We
found that preictal changes started with a consistent sustained
decrease from 31 s (95% CI 35.7 to 26.3) followed by an
increase from 16 s (95% CI 18.1 to 13.9) in agreement with
Donaire et al. (2009); however, Tyvaert et al. (2009) found
preictal increases preceding decreases at lower statistical threshold.
Preictal changes were seen in the seizure onset zone, irritative
zones and other remote areas in this work, whereas Donaire
et al. (2009) found changes in the putative seizure onset zone
and the default mode network-related areas. We suggest that
the initial BOLD decreases may correspond to the active inhibitory
circuits (Wendling et al., 2005; Gnatkovsky et al., 2008; Trombin
et al., 2011), which are subsequently overtaken by the increase in
neuronal activity driven by glutamatergic neurons (Huberfeld
et al., 2011). More specifically, preictal changes in remote areas
may represent fluctuations in the resting state networks (Schwartz
et al., 2011) or involvement of wider networks (Bartolomei et al.,
2001; Truccolo et al., 2011) before the seizure onset.
Additionally, ictal patterns on scalp-EEG may be delayed by up
to 8 s as compared with invasive EEG, representing propagation
(Ray et al., 2007). In this study, the first EEG change on invasive
EEG preceded the first clinical change by 3–38 s (Table 4) in the six
patients who had invasive recordings. This suggests that the
preictal changes may hint towards the increase in neuronal activ-
ity, which is yet not powerful or synchronized enough to be seen
on scalp-EEG (Gavaret et al., 2004; Ray et al., 2007), since an
area of at least 6–10cm2 is required to be recruited to produce
electrical activity on scalp-EEG (Tao et al., 2005; Ray et al., 2007).
It also highlights that metabolic changes may precede overt elec-
trical changes (Donaire et al., 2009; Tyvaert et al., 2009; Zhao
et al., 2009). Preictal changes may also reflect preictal discharges
(Huberfeld et al., 2011), fast oscillatory activity (Wendling et al.,
2005; Gnatkovsky et al., 2008) or activity from glial cells (Moore
and Cao, 2008; Figley et al., 2011). Further experiments with
simultaneous scalp and invasive EEG–functional MRI (Vulliemoz
et al., 2011) greatly improve our ability to characterize the
interictal–ictal transition.
Ictal-related BOLD changes in the resting state networks may
reflect neuronal baseline activity (Damoiseaux et al., 2006) from
which task-related networks are modulated (Mantini et al., 2007),
or transitions in brain dynamics as a result of ictal discharges, i.e.
recruitment during seizure propagation (downstream) or upstream
from ictal activity, reflecting changes in brain state favouring seiz-
ure occurrences (Vaudano et al., 2009).
Clinical significance
We observed ictal onset phase-related BOLD changes concordant
with the seizure onset zone in 85% of the cases compared with
44% in Thornton et al. (2010). We suggest that this is related to
the ability of video-EEG to identify and classify seizures better than
EEG alone, leading to improved functional MRI modelling of seiz-
ures, the inclusion of regressors for physiological activities and a
refined concordance scheme (Chaudhary et al., 2012).
We have shown that in 65% of patients, the ictal onset phase-
related global-maximum cluster (entirely concordant/concordant
plus maps) was co-localized within the presumed seizure onset
zone at the sub-lobar, which is superior to scalp-EEG. In the im-
planted cases in this study, the ictal onset phase-related global-
maximum BOLD cluster was 1.1–3.5 cm from the invasively
defined seizure onset zone at sub-lobar level. This suggests that
video-EEG–functional MRI can capture relevant ictal onset phase-
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related localization information. For example, our results show that
video-EEG–functional MRI may anticipate situations where inva-
sive EEG is unlikely to be fruitful because of potential surgical
sequelae on eloquent cortex, as for Patients 3 and 10 (Fig. 1),
and surgical outcome, i.e. ILAE Class I outcome (Patients 1 and
16; Fig. 1) when the ictal onset phase-related BOLD cluster within
the presumed seizure onset zone was resected and Class III
(Patient 4) when it was not resected. Intracranial EEG is an ex-
pensive test and is limited by its unsuitability and the risk of sur-
gical complications in some cases (Knowlton et al., 2008a, b).
Non-invasive investigations can help to formulate consensus
hypotheses about the seizure generation and spread for the im-
plantation of intracranial electrodes. However, they mostly map
the irritative zone (EEG and MEG source imaging and FDG-PET)
or may localize the seizure onset zone falsely (ictal SPECT)
(Knowlton, 2006, 2009). We suggest that the confirmation of
the sub-lobar localization of the ictal onset phase-related global-
maximum or other BOLD cluster within the presumed seizure
onset zone may be a useful marker in the planning of invasive
investigations. However, establishing clinical usefulness will re-
quire larger prospective studies to identify predictive power in
terms of invasive EEG localization and surgical outcome. It is
possible that ictal video-EEG–functional MRI has a negative pre-
dictive power similar to interictal EEG–functional MRI (Thornton
et al., 2011).
In patients who did not have invasive EEG recordings, the pre-
sumed seizure onset zone was localized on the basis of structural
abnormality on MRI and scalp-EEG or scalp-EEG alone.
Additionally, ictal patterns on scalp-EEG from deep brain structures
such as the medial temporal (Pacia and Ebersole, 1997) and frontal
structures (Jobst et al., 2000; Lee et al., 2000) are difficult to
localize. We suggest that the sub-lobar localization of ictal onset
phase-related global-maximum BOLD cluster within the presumed
seizure onset zone was superior to the lobar localization of
scalp-EEG alone in lesional and non-lesional cases, further refining
the localization process.
Ictal established/ictal phase-related BOLD changes in sympto-
matogenic areas (Swartz 1994; Luders et al., 1998; Lee et al.,
2002; Loddenkemper and Kotagal, 2005; Kameyama et al.,
2010; Foldvary-Schaefer and Unnwongse, 2011) were revealed
in line with our previous work (Thornton et al., 2010). The loca-
tion of these changes broadly reflected ictal semiology, suggesting
that they correspond to downstream propagation network
(Tyvaert et al., 2008; Thornton et al., 2010). BOLD changes
were also seen in non-symptomatogenic areas in these patients.
Future work will focus on ascertaining whether these merely re-
flect motion-related signal changes or propagation networks invol-
ving fluctuations in resting state networks.
It has been suggested that BOLD decreases in the default
mode network may be associated with loss of awareness (Laufs
et al., 2003, 2006; Gotman et al., 2005; Bai et al., 2010; Berman
et al., 2010; Carney et al., 2010; Moeller et al., 2010). We found
an association between BOLD decreases in the default mode net-
work in this study and loss of consciousness as assessed during
long-term video-EEG monitoring for typical seizures. This may reflect
an over-synchronization of electrical activity in associative cortices
during the later part of seizures and loss of awareness (Arthuis
et al., 2009).
The sensitivity of video-EEG–functional MRI to capture seizures in
this study was 36% compared with 4% in Tyvaert et al. (2008) and
11% in Thornton et al. (2010), which may be because of a strict
selection criteria. The need to scan in real time combined with limited
access to scan time is likely to limit the technique’s clinical utility
based on current scanner technology and places it on a par with
MEG. The technique is at a disadvantage compared with ictal
SPECT in this regard. However video-EEG–functional MRI is more
suited to the study of interictal–ictal transition and ictal onset
specifically.
We cannot address specificity rigorously considering the small
number of patients studied. In our centre and many others, inva-
sive EEG is considered the gold standard to localize the seizure
onset zone (Rosenow and Luders, 2001; Luders et al., 2006).
The question of the nature and biological significance of the
areas active at the seizure onset: single region (Luders et al.,
2006), or the network concept (Bartolomei et al., 2001;
Spencer, 2002; Truccolo et al., 2011), may have implications for
the interpretation of our results. Answering this question would
require complete characterization of the seizure onset zone
beyond currently available means. Given the current presurgical
evaluation techniques, we believe that the approach used here
remains the most appropriate way of summarizing the relationship
between the BOLD maps and independently obtained localizing
information.
In conclusion, simultaneous video-EEG–functional MRI can
reveal haemodynamic changes specifically related to the preictal
phase, seizure onset and evolution and resting state BOLD net-
works recruited during seizures, in a significant proportion of pa-
tients with frequent seizures. Ictal onset phase-related BOLD
changes are often co-localized with the invasively defined seizure
onset zone, therefore providing useful non-invasive information to
guide invasive investigations in some cases and avoid unnecessary
implantations in others.
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